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• to NASA Glenn Research Center (GRC) for the design and fabrication of a 6-kW power processing unit (PPU). We are currently completing Phase 1 of a twophase program, in which we have designed and fabricated a breadboard unit. We will translate the design into an engineering model in Phase 2. Both PPUs will be integrated with an engineering model 40-cm ion engine at the end of each phase. This paper reports on the results of the breadboard testing to date. Figure 1 illustrates a typical ion thruster PPU. The PPU contains six (6) power supplies required to operate the thruster. The beam and accelerator supplies provide high voltages to accelerate the ions. The discharge supply provides current to the discharge cathode to ionize the xenon propellant. The neutralizer supply provides current to the neutralizer keeper to ionize and provide a "plasma bridge" for electrons to neutralize the ion beam. The heater supplies run the cathode heaters to raise the cathodes to emission temperature for ignition. Finally the PPU incorporates a "housekeeping" supply for internal PPU activities such as command and control, clock signals, telemetries, fault protection, etc.
THE NEXT PROJECT POWER PROCESSING UNIT
Relevant electrical specifications for the PPU are listed in Table 1 along with the comparable values for NSTAR. The NEXT PPU runs from a generic high voltage bus operating over the range of 80 to 160 V DC that furnishes power for all the supplies except the housekeeping supply. The latter operates from a generic low voltage bus operating over the range of 22 to 34 VDC.
Each power supply output can be commanded on and adjusted individually to a given setpoint. Table 2 is the formal throttle table for the NEXT engine consisting of 31 settings ranging from a total power of approximately 1 to 6 kW. This allows throttling the 40 cm ion engine between 50 and 209 mN thrust 2 . This throttle capability allows the propulsion system to match its output to the available solar array power, which declines with distance from the Sun.
In an ion thruster PPU, the beam or screen supply design is critical to obtain high efficiency and low mass since up to 92 percent of the power is processed by this converter. A modular approach consisting of six 1.1 kW modules operating in parallel to supply power to the engine was chosen for this design. Five modules would be sufficient to run the NEXT thruster, but we elected to include a sixth module in the PPU to allow for additional power processing capacity and flexibility for future thruster development. Additional beam supply modules can be paralleled to further increase the power capacity of the beam supply as required. These modules use a dual-bridge phasemodulated / pulse-width-modulated topology for low switching losses and performance over a wide input/output voltage range. Efficiencies in excess of 96% were previously measured for an individual module 3 . Measurements on the complete beam supply demonstrated higher than 95% efficiency as shown in Figure 2 . The breadboard beam modules weigh 2.45 kg, and a photograph of one of the modules is shown in Figure 3 .
The other power supplies in the PPU use the same topologies as in the NSTAR PPU 4 . As shown in Table  1 , some changes in the output specifications were required to operate the NEXT engine.
Better MOSFETs and new gate drive circuits were used to improve efficiency and to simplify the design. The switching frequency was increased to 50 kHz to reduce the mass of the power transformers and the input and output filters.
The discharge supply is the other power converter in the PPU that processes a considerable amount of power. This supply required a 71% increase in output current and power compared to NSTAR. Figure 4 shows the efficiency of this supply as a function of input voltage for several power levels. As can be seen, this converter runs as high as 92% efficiency.
With the exception of the beam supply modules, the breadboard PPU was constructed with typical point-topoint wiring on copper-clad perforated board. Because the beam supply consists of multiple identical modules, printed wiring boards (PWBs) were designed for use with leaded components. The beam supply was then constructed by fabricating a "card cage" to hold the individual beam modules. This approach allowed the beam supply to be constructed and tested in parallel with the rest of the PPU. The complete breadboard PPU is shown in Figure 5 : The beam supply is the top half of the PPU and the bottom half contains all the other supplies including the housekeeping and the input filter.
Gross overall PPU efficiency for various settings from the throttle table are shown in Figure 6 . (Gross efficiency is defined as total electrical power output from all supplies ÷ total electrical power input from both busses.) As can be seen, efficiency at full power, 6.1 kW, (throttle table setting #30) is greater than 94%, and at half power, 3.2 kW (throttle table setting #15), is still greater than 92%. Efficiency begins to fall off below half power as the beam supply is not operating in it's most efficient mode. We intend to address this in Phase 2 by individually commanding the modules on and off. In this fashion only as many modules as are necessary to process the power will be operated.
Typical turn-on transients are shown in Figure 7 . Timing is adjusted such that the accelerator supply turns on first in about 200 msec followed by the beam supply which is ramped up over about 300 msec. Complete turn on takes about 400 msec. A re-cycle transient is shown in Figure 8 . During the recycle, the discharge current is reduced to a pre-set "cut-back" value (approximately 8 A in the figure), the supplies are commanded on again, and the discharge current slowly brought back up over a couple of seconds after the beam supply comes on.
As part of the Phase 1 effort the PPU will be integrated with an engineering model 40-cm engine and a breadboard propellant management system at GRC. Performance will be verified for the complete throttle table and input voltage range. In addition, issues such as turn-on transients and high-voltage recycles will be investigated.
PLANS FOR PHASE 2
As mentioned previously, the NEXT PPU development is a two-phased program. The primary emphasis during Phase 2 will be to fabricate an engineering model (EM) PPU which will translate the existing design of the breadboard unit into a near flight-like thermal and mechanical configuration. Like all EDD flight units, the EM PPU will be fabricated with surface mount components. We anticipate that this will reduce the mass of individual beam modules to less than 2 kg each. The mass of the entire PPU is estimated to be well below 24 kg.
In addition to packaging refinements, some circuit modifications and enhancements will be incorporated into the design of the EM PPU. The most significant will make each of the beam modules addressable such that only as many as required will be operating for each throttle table setting, as mentioned above. This will allow control over the amount of power processed by each module to yield the maximum possible efficiency over the full throttling range of the engine. We anticipate that this will help increase PPU efficiency to greater than 95% at high power and greater than 90% will be maintained over the full throttle table.
CONCLUSION
The NEXT PPU has been designed to operate a 40 cm ion engine. It operates over a wide range of power bus voltages (80 to 160 V) and delivers variable outputs to allow thruster throttling from 1 kW to over 6 kW while maintaining efficiencies of in excess of 90% in the upper 2/3 of the throttle table. At the highest power outputs, demonstrated efficiency approaches 95%. This is more than a full percentage point improvement over the NSTAR PPU. The anticipated mass of a flight version of this design is less than 24 kg. This represents a specific mass of 4 kg/kW, which is 33% less than the NSTAR PPU. This kind of efficiency and mass of the PPU will make the NEXT 6 kW ion propulsion system very attractive for many planetary missions.
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DCIU
Digital Command and Interface Unit
DS1
Deep Space One
EDD
Boeing Electron Dynamic Devices, Inc. 
EM
Engineering Model
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